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a b s t r a c t

Sheep-associated malignant catarrhal fever (SA-MCF) caused by ovine herpesvirus-2
(OvHV-2), a �-herpesvirus in the Macavirus genus, is a fatal disease associated with lym-
phoproliferation, lymphocytic vasculitis, and mucosal ulceration in clinically susceptible
species. SA-MCF is an important threat to American bison (Bison bison) due to their high
susceptibility to this disease. Currently, the pathogenesis of disease in SA-MCF is poorly
understood, and the immunophenotype of lymphocytes that infiltrate the vascular lesions
of bison and cattle with SA-MCF has been only partially defined. Previous single-color
immunohistochemistry studies have demonstrated that CD8+ cells and CD4+ cells predom-
inate within vascular infiltrates in cattle and bison. The CD8+ cells detected in the vascular
lesions of cattle and bison were assumed to be cytotoxic �� T lymphocytes. However,
polychromatic immunophenotyping analyses in this study showed that CD8+/perforin+ ��
T cells, CD4+/perforin− �� T cells, and B cells infiltrate vascular lesions in the urinary blad-

der, kidney, and liver of six bison with experimentally-induced SA-MCF. CD8+ �� T cells
and WC1+ �� T cell cells were only infrequently and inconsistently identified. This study
confirmed our hypothesis that the predominant CD8+ lymphocytes infiltrating the vascular
lesions of bison with SA-MCF are cytotoxic lymphocytes of the innate immune system, not
CD8+ �� T cells. Results of the present study support the previous suggestions that MCF is

isease o
fundamentally a d
1. Introduction

Sheep-associated malignant catarrhal fever (SA-MCF) is
an important ruminant disease with a worldwide distribu-
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tion. The causative virus, ovine herpesvirus-2 (OvHV-2), is a
�-herpesvirus in the Macavirus genus. Infection is endemic,
persistent, and subclinical in domestic and wild sheep, but
triggers a severe and generally fatal systemic disease in
clinically susceptible hosts such as cattle, deer, and bison.

American bison (Bison bison) are particularly susceptible
to disease, and outbreaks have occurred in American bison
herds adjacent to sheep (Berezowski et al., 2005; Li, 2006;
Li et al., 2008). In contrast, European cattle breeds (Bos tau-
rus) are relatively resistant, and disease is more sporadic
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Plowright, 1990; Crawford et al., 1998; Li, 2006). Cur-
ently, the pathogenesis of disease in SA-MCF is very poorly
nderstood but appears to have similarities with other

ymphotropic �-herpesviruses including Epstein-Barr virus
EBV) and murine herpesvirus-68 (MHV-68).

Gross lesions of SA-MCF include corneal opacity,
ucosal ulcerations and ecchymoses, and oculonasal

ischarge. The primary histological changes are lympho-
roliferation, mucosal necrosis, and systemic vasculitis
ith perivascular and intramural accumulation of large

ymphocytes. Vasculitis is limited to small- to medium-
aliber arteries and veins, particularly in the urinary
ladder, brain, liver, and kidney (Liggitt, 1980; Schultheiss
t al., 1998, 2000).

The immunophenotype of lymphocytes that infiltrate
he vascular lesions of bison and cattle with SA-MCF has
een only partially defined. Previous single-color immuno-
istochemistry studies have demonstrated that CD8+ cells
nd CD4+ cells predominate within vascular infiltrates in
attle (Ellis et al., 1992; Nakajima et al., 1994; Lagourette
t al., 1997), and CD8+ cells and CD3+ cells predominate
ithin vascular lesions in the brains of bison (Simon et al.,

003). The CD8+ cells detected in the vascular lesions of cat-
le and bison were previously assumed to be cytotoxic ��
lymphocytes. However, CD8 is expressed on not only on
ovine �� T lymphocytes but also on �� T cells and NK cells
Davis et al., 1996; Storset, 2004; Endsley, 2006; Weiss,
006) suggesting that the CD8+ cells could be lymphocytes
f the innate immune system.

Previous phenotypic analyses of lymphocytes extracted
rom lymphoid tissues of cattle also suggest infected CD8+

ells are cytotoxic lymphocytes of the innate immune
ystem. These studies revealed infected lymphocytes
xpressed CD2, an adhesion molecule and activation recep-
or common to most lymphocytes, and CD25, a marker
or activated �� and �� T lymphocytes and NK cells (Reid
t al., 1989; Burrells and Reid, 1991; Schock et al., 1998).
hese lymphocytes also required exogenous IL-2 for cul-
ure (Schock et al., 1998) and developed MHC-unrestricted
ytotoxicity (Cook and Splitter, 1988; Reid et al., 1989).
ltogether, these observations led us to hypothesize that

he CD8+ cells infiltrating the vasculitis lesions of bison
ith clinical SA-MCF were cytotoxic lymphocytes of the

nnate immune system.
In order to more precisely identify the lymphoid cell

ypes, we used newly available bovine immune cell mark-
rs and evaluated co-expression of multiple cell markers
n lymphocytes infiltrating vascular lesions of bison with
A-MCF. Our results support the hypothesis that the pre-
ominant CD8+ lymphocytes in the vascular lesions are
ytotoxic �� T cells, not CD8+ �� T cells. These findings
rovide a foundation for defining the role of the innate

mmune system in the pathogenesis of vasculitis in bison
ith SA-MCF.

. Materials and methods
.1. Research animals and samples

OvHV-2 uninfected, captive bison from Wyoming were
dentified by screening for antibody against the conserved
mmunopathology 136 (2010) 284–291 285

MCF virus group 15A epitope with competitive inhibi-
tion ELISA and for OvHV-2 DNA by semi-nested PCR (Li
et al., 1995, 2001). Persistent bovine viral diarrhea virus
infection was ruled out by reverse transcriptase PCR (RT-
PCR) and serology as previously described (Horner et al.,
1995; Kramps et al., 1999). Six 1-year old, male bison
were infected by nasal aerosolization with 2 mL of pooled
sheep nasal secretions containing 1 × 107 OvHV-2 DNA
copies collected from shedding sheep as described (Taus
et al., 2005). This dose from the current inoculant pool
reproducibly caused fatal disease in bison (O’Toole et al.,
2007). Three uninfected 1-year old, male bison were used
as controls: one was uninfected, and two were sham inoc-
ulated by nasal aerosolization with pooled nasal secretions
from uninfected sheep. Clinical signs were monitored daily,
and real-time PCR was used to measure OvHV-2 copies in
peripheral blood lymphocytes (PBL) (Hussy et al., 2001).

Previous intra-nasal inoculation studies (O’Toole et
al., 2007) and outbreaks of natural disease in bison
(Schultheiss et al., 1998, 2000) showed that the clinical
period is very short and bison commonly die prior to
the onset of clinical signs. In our study we planned to
evaluate vascular lesions within this short clinical period.
Therefore, once OvHV-2 was detected by PCR in the blood
and some bison began to develop clinical signs, animals
were euthanized over a 10-day period. Full necropsies with
histopathology were performed. Tissue samples including
urinary bladder, kidney, and liver were collected and fixed
in formalin or flash-frozen in Tissue-Tek® Optimal Cut-
ting Temperature compound (Miles Inc., Elkart, IN). The
experiments were approved and conducted according to
Institutional Animal Care and Use Committee protocols.

2.2. Demonstration that bovine cell markers cross-react
with bison tissues

Indirect immunofluorescence assays (IFA) were per-
formed to verify that antibodies reactive with bovine
leukocyte differentiation molecules recognize epitopes
on homologous bison molecules. Flash-frozen samples of
mesenteric lymph nodes and ileum from control bison and
a splenectomized Holstein calf (B. taurus) were sectioned
at 5 �m with a cryostat, mounted on charged slides, and
fixed in 100% ethanol. For immunostaining, sections were
rehydrated in blocker solution comprised of 10–15% goat
serum/PBS/0.05% Tween® 20 (Fischer Scientific, Fair Lawn,
NJ). The tissues were labeled with one or more of the pri-
mary antibodies listed in Table 1 for 60 min, subjected
to several washing cycles, and then incubated for 30 min
with AlexaFluor fluorochrome-conjugated isotype-specific
goat anti-mouse or anti-rabbit secondary antibodies (Invit-
rogen Corporation, Carlsbad, CA) at 1 �g/mL. Sections
were rinsed, cover-slipped using Molecular Probes® Slow-
Fade Gold with DAPI (Invitrogen Corporation, Carlsbad,
CA) and viewed with a Zeiss Axioskop 2 Plus fluorescent
microscope (Carl Zeiss MicroImaging, Inc., Thornwood,

NY). Replicate sections incubated with primary isotype-
and concentration-matched antibodies generated from
the same species, but specific for an irrelevant antigen,
were used as negative controls with each assay. Murine
negative control antibodies AV64 (IgG1), AV213 (IgG2a),
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Table 1
Specific antibodies verified to be cross-reactive for cell marker identification in cattle and bison.

Cell subset(s) Primary antibodies References

�� T cells CD3� chain (MM1A) MacHugh et al. (1998)
CD4 (ILA11.A) Baldwin et al. (1986)

�� or �� T cells CD8 (CACT80C) MacHugh (1991); Galeotti et al. (1993)
CD2 (BAQ95A) Gutierrez et al. (1999)
CD25 (GB112A) Parsons (1996); Trueblood et al. (1998); Davis (2001)

�� T cells TCR1-N24 � chain (GB21A) MacHugh et al. (1997)
WC1 (ILA29) Clevers (1990)

NK cells NKp46/CD335 (AKS1) Storset (2004)
B cells CD79a (HM57)a Wangoo et al. (2005)
Monocytes/macrophages M-M7 (BAQ151A) Sopp et al. (1996)

Calprotectin (MAC387)a Gutierrez et al. (1999)
Vascular endothelium Von Willebrand’s factor (A0082) Warren and Summers (2007)

Von Willebrand’s factor (F8/86)b Buser et al. (2006); Warren and Summers (2007)
Perforin Perforin (�G9)c Endsley et al. (2004); Endsley et al. (2007)

All listed antibodies specific for cattle cell markers are effective in ethanol-fixed cryosections of bison lymphoid tissues and were used at 2–15 �g/mL
William
concentrations. Unless otherwise indicated, antibodies were provided by

a AbD Serotec, Raleigh, NC.
b Dako North America, Inc., Carpinteria, CA.
c Santa Cruz Biotechnology, Inc., Santa Cruz, CA.

and GDBMB4 (IgG2b) were provided by the Monoclonal
Antibody Center, Pullman, WA. The rabbit immunoglob-
ulin fraction negative control was purchased from Dako
North America, Inc., Carpinteria, CA. For each antibody,
the staining pattern and intensity were compared between
ethanol-fixed cryosections of cattle and bison mesenteric
lymph node and ileum.

2.3. Immunophenotyping lymphocytes in vascular
lesions

Leukocyte immunophenotyping was performed by
polychromatic indirect immunofluorescent detection of
leukocyte differentiation molecules on ethanol-fixed
cryosections of urinary bladder, kidney, and liver. The
source of all antibodies is noted in Table 1. Preliminary
data were collected with a Zeiss Akioskop 2 Plus flu-
orescent microscope. Three-, four-, and five-color scans
were collected with a Zeiss LCM 510 META laser scanning
confocal microscope (Carl Zeiss MicroImaging, Inc., Jena,
Germany) using the multi-track feature. Images for con-
trol slides and experimental slides were scanned at either
the same or maximal exposure settings. Fluorophores
and filters were chosen for adequate emission resolu-
tion, and the laser wavelengths utilized corresponded with
the absorption maxima of each fluorophore. Appropriate
pseudocolors were chosen for maximal visual detection
and resolution (Gunnes et al., 2004). The emitted signal
was recorded in three to four separate monochrome dig-
ital images, one for each fluorophore-labeled cell marker,
and the imaging software merged these separate images
into single images. Cells were counted using Cell Counter,
version 07/01/2009 (www.rsbweb.nih.gov/ij/plugins/cell-
counter.html), a plug-in for ImageJ, version 1.42q (NIH,
USA, www.rsbweb.nih.gov/ij/). Statistical analyses were

performed using GraphPad Instat v. 3.10 (GraphPad Soft-
ware Inc., www.graphpad.com).

Vascular lesions in the urinary bladder of two bison with
SA-MCF were localized using DAPI, a fluorescent nuclear
stain identifying cell nuclei, and polyclonal antibodies spe-
Davis, Monoclonal Antibody Center, Washington State University.

cific for von Willebrand’s factor (vWF), an endothelial cell
marker. In addition, single leukocyte markers for CD2,
CD3, CD4, CD8�, CD25, CD79a, CD335/NKp46, WC1, M-
M7, calprotectin, and the TCR1-N24 � chain (Table 1)
were used to determine which of these markers were
expressed by immune cells in the vascular lesions. Repli-
cate sections incubated with primary isotype-matched
and concentration-matched antibodies generated from the
same species but specific for an irrelevant antigen were
used as negative controls with each assay.

Lymphocytes were further phenotyped by concurrent
immunofluorescent detection of three lymphoid markers
in vascular lesions in the urinary bladder of six bison with
SA-MCF and the kidney and liver of a single bison that
had vascular lesions in all of these tissues. Phenotyping
was based on currently established leukocyte differenti-
ation molecule expression profiles of bovine immune cells
for identification of bison lymphoid cell subsets (Table 1).
Polychromatic immunofluorescence studies included the
following combinations: CD79a/CD4/� chain, CD8/CD4/�
chain, CD3/CD4, and CD8/CD4/perforin.

3. Results

3.1. Pathology

Clinical signs of SA-MCF in infected bison included
lethargy, inappetance, corneal opacity, ocular or nasal dis-
charge, and/or mucosal erosions. Four out of six (66%) of
the infected bison had developed at least one clinical sign
prior to euthanasia. OvHV-2 DNA was detected by real-
time PCR in all six (100%) of the infected bison prior to and
following euthanasia. All control animals tested negative
for MCF virus group-specific antibody and OvHV-2 DNA in
PBL samples throughout the experiment. All infected bison

had at least one organ with gross lesions characteristic of
SA-MCF including hemorrhagic urinary cystitis, laryngitis,
pharyngitis, and/or tracheitis. All infected bison had mul-
tisystemic vasculitis involving small- to medium-caliber
arteries and fewer veins. Large granular and small lympho-

http://www.rsbweb.nih.gov/ij/plugins/cell-counter.html
http://www.rsbweb.nih.gov/ij/
http://www.graphpad.com/
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Fig. 1. Formalin-fixed, paraffin-embedded, histological sections of uri-
nary bladder propria. The sections were stained with hematoxylin &
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ytes multifocally infiltrated the vascular tunica adventitia
nd tunica media and often were associated with multi-
ocal necrosis of the vascular wall (Fig. 1A). Although ice
rtifact in the cryosections often displaced perivascular
ymphocytes, formalin-fixed, paraffin-embedded sections
erified that lymphocytes were primarily associated with
ascular lesions (Fig. 1A). Gross and histologic lesions were
onsistent with published accounts of naturally-occurring
nd experimental SA-MCF in bison (Schultheiss et al., 1998,
000; O’Toole et al., 2007). No gross or histological lesions
ere detected in negative control bison (Fig. 1B), and

ymphocytic infiltrates were not observed in the urinary
ladder, kidney, or liver.

.2. Immunophenotyping lymphocytes in vascular
esions

The antibodies listed in Table 1 were all shown to be
eactive with epitopes on bison leukocyte differentiation
olecules. Immunofluorescence studies labeling single

eukocyte differentiation molecules and the endothelial
ell marker identified cells positive for CD79a (B cells), CD2,
D3, CD4, CD8, CD25, or the � chain within vascular lesions
f the urinary bladder in two bison. NK cells (NKp46+),
acrophages (M-M7+ or calprotectin+), and WC1+ �� T

ells were only rarely identified. The detected immune cells
ere primarily located within the tunica adventitia and less

requently within the tunica media.
Polychromatic immunofluorescence studies concur-

ently identifying up to three lymphoid markers defined

he proportion and phenotype of lymphocytes in vascular
esions. Findings from multiple sections of the urinary blad-
er, liver, and kidney of all examined bison with SA-MCF are
ummarized in Tables 2 and 3. Appropriate isotype controls
un with each assay were negative (Fig. 2D).

eosin. The bars = 100 �m. (A) The section was obtained from bison 1353, a
bison with SA-MCF. Lymphocytes primarily infiltrate the tunica adventitia
(arrow) and tunica muscularis (arrowhead) of small to medium-caliber
vessels. (B) The section was obtained from bison 1308, an uninfected
control animal. There is no evidence of lymphocytic vasculitis.

able 2
ummary of findings from polychromatic immunofluorescence studies of vasculitis lesions in the urinary bladder, kidney, and liver from all examined
ison with SA-MCF. Proportions are calculated as the percentage of the total cells that labeled with either CD79a (B cells), CD4, or � chain (�� T cells). B
ells, CD4 cells, and �� T cells infiltrate vascular lesions in bison with SA-MCF.

Primary marker Mean Standard deviation Median Range per image Number of images Number of cells counted

� chain 35.6% 15.0% 32.7% 14.0–71.3% 17 1475
CD4 51.5% 17.0% 50.7% 13.4–72.1% 17 1475
CD79a 12.9% 10.2% 9.8% 0.0–36.0% 17 1475

able 3
ummary of co-labeling findings from polychromatic immunofluorescence studies of vasculitis lesions in the urinary bladder, kidney, and liver from all
xamined bison with SA-MCF. CD8+perforin+ �� T cells are the predominant CD8+ lymphocyte within vascular lesions (p < 0.001; Mann–Whitney test).
D4+ cells do not express cytoplasmic perforin. The majority of CD4+ cells are CD4+CD3+ cells (p < 0.0001; Mann–Whitney test), and the remainder is likely
acrophages. Proportions are calculated as the percentage of the total cells that labeled with the primary immune cell marker.

Primary marker Secondary
marker

Co-labeling
mean

Standard
deviation

Co-labeling
median

Range per
image

Number of
images

Number of cells
counted

CD8+ � chain+ 95.3% 7.2% 98.6% 77.8–100.0% 10 740
� chain− 4.7% 7.2% 1.4% 0.0–22.2% 10 740
Perforin+ 98.5% 3.6% 100.0% 86.4–100.0% 16 1060

� chain+ CD8− 4.6% 5.0% 2.1% 0.0–12.5% 10 740

CD4+ Perforin+ 0.0% 0.0% 0.0% 0.0–0.0% 16 1060
CD3+ 90.6% 18.0% 100.0% 5.9–100.0% 52 4449
CD3 9.4% 18.0% 0.0% 0.0–94.1% 52 4449
� chain+ 0.0% 0.0% 0.0% 0.0–0.0% 10 740
CD8+ 0.0% 0.0% 0.0% 0.0–0.0% 10 740
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Fig. 2. Indirect polychromatic immunofluorescence on vascular lesions in ethanol-fixed, 5-�m cryosections of urinary bladder and kidney from bison with
SA-MCF. Bar = 10 �m. (A) Urinary bladder of bison 1353. Four-color assay detecting DAPI (deep blue), CD79a (light green), CD4 (red), and � chain (light
blue). �� T cells, CD4+ cells, and B cells (CD79a+) predominated within vascular lesions. (B) Urinary bladder of bison 1353. Four-color assay detecting DAPI
(deep blue), CD8 (light green), CD4 (red), and � chain (light blue). CD8+/� chain+ cells are blue-green. CD4+ does not colabel with CD8 or � chain. (C) Urinary
bladder of bison 1353. Four-color assay detecting DAPI (deep blue), CD8 (light green), CD4 (red), and perforin (light blue). Cells with cytoplasmic perforin
also label with CD8 (blue-green) and not with CD4 (red). (D) Urinary bladder of bison 1353. Four-color isotype control assay detecting DAPI (deep blue)
and isotype control antibodies AV64A (light green), AV213A (red), and GDBMB4 (light blue). (E) Kidney of bison 1273. Four-color assay detecting DAPI
(deep blue), CD8 (light green), CD4 (red), and � chain (light blue). CD8+/� chain+ cells are blue-green. CD4+ does not colabel with CD8 or � chain. (F) Urinary
bladder of bison 1353. Four-color isotype control assay detecting DAPI (deep blue) and isotype control antibodies AV64A (light green), AV213A (red), and
GDBMB4 (light blue). (For interpretation of the references to color in the figure caption, the reader is referred to the web version of the article.)
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Polychromatic assays concurrently labeling CD79a, CD4,
nd the � chain (Table 2 and Fig. 2A) were utilized to
etermine the proportion of these lymphocytic pheno-
ypes. These results showed that �� T cells, CD4+ cells, and

cells (CD79a+) were present within vascular lesions at
5.6% (±15.0% sd), 51.5% (±17.0% sd), and 12.9% (±10.2%
d) of the total labeled cells, respectively.

Polychromatic studies identifying lymphoid marker
o-localization on individual cells further defined the fre-
uency and phenotype of lymphocytes in vascular lesions
Table 3). Assays concurrently labeling CD8, CD4, and the �
hain (Fig. 2B and E) showed that CD8 and � chain markers
o-localized on 95.3% (±7.2% sd) of the total cells labeling
ith CD8+. Co-localization of CD8 and � chain is consistent
ith CD8+ �� T cells. No CD4+ cells expressed either CD8

r the � chain. Assays concurrently labeling CD3 and CD4
howed that 90.6% (±18.0% sd) of CD4+ cells also expressed
D3, a pan-T cell marker. Since none of the CD4+CD3+ cells
xpressed � chain, these cells are consistent with CD4 �� T
ells. Assays concurrently labeling CD8, CD4, and cytoplas-
ic perforin (Fig. 2C) determined that perforin co-localized
ith 98.5% (±3.6% sd) of the cells expressing CD8 indicat-

ng a cytotoxic phenotype. Perforin did not co-localize with
D4. Therefore, CD8+/perforin+ �� T cells, CD4+/perforin−

� T cells, and B cells infiltrated vascular lesions in multiple
issues of all six bison with SA-MCF.

. Discussion

The demonstration of CD8+/perforin+ �� T cells within
he vascular lesions of six bison with SA-MCF supports
ur hypothesis that the previously identified CD8+ lym-
hocytes are predominantly cytotoxic lymphocytes of the

nnate immune system. In 1994, Nakajima et al. deter-
ined that WC1 and WC2 antigens were not frequently

xpressed on lymphocytes in the vascular lesions of two
attle with SA-MCF. In addition, cells expressing the WC
arkers did not increase in either vascular or epithelial

esions as the disease progressed. Based on those obser-
ations, the authors concluded that �� T cells likely did
ot play a significant role in the pathogenesis of disease.
owever, it is now known that a subset of �� T lympho-
ytes in cattle express CD8+ and do not express either WC1
r WC2 (Davis et al., 1996). Therefore, identification of
he �� T receptor is necessary in order to identify all the
ubsets of bovid �� T lymphocytes. Consequently, the find-
ngs of our polychromatic immunolabeling studies redefine
ut do not contradict the findings of previous monochro-
atic studies. Since CD8+/perforin+ �� T lymphocytes were

onsistently and frequently identified within the vascular
esions in multiple tissues of all six bison with SA-MCF,
hese innate immune cells may play a significant role in
he pathogenesis of SA-MCF in bison.

There are many possible ways that CD8+/perforin+ ��
lymphocytes might contribute to the pathogenesis of

asculitis in bison with SA-MCF. Human and bovine �� T

ells can be activated by pathogen-associated molecular
atterns (PAMPs) (Hedges et al., 2005), and, as a result,
ave greatly increased proliferative responses to IL-2 or

L-15 (Jutila et al., 2008). Interestingly, abundant IL-15
xpression has been observed in tissues of rabbits with
mmunopathology 136 (2010) 284–291 289

SA-MCF, and large granular lymphocytes obtained from
the tissues of rabbits infected with OvHV-2 exhibited a
similar proliferative response to IL-15 or IL-2 in culture
(Anderson et al., 2008). CD4−/CD8− T cells have been iden-
tified as the lymphoproliferative component in rabbits with
experimentally-induced SA-MCF (Anderson et al., 2007),
and rabbit �� T lymphocytes do not express CD4 or CD8
(Jeklova et al., 2007). Consequently, �� T lymphocytes may
play an important role in the pathogenesis of vasculitis in
both rabbits and bison with SA-MCF.

In our study, expression of detectable cytoplasmic per-
forin implies the �� T cells are activated for cytotoxicity,
and it is possible that vascular necrosis could be medi-
ated by these cells. Furthermore, there is evidence that
bovine CD8+ �� T cells selectively migrate to mucosal
tissues (Wilson et al., 2002), and these cells could be
recruited to sites of inflammation. As cytotoxic effector
cells with MHC-unrestricted cytotoxicity, �� T cells could
mediate necrosis of vascular structural cells via antibody-
dependent cytotoxicity as suggested in the pathogenesis of
multiple sclerosis (Chen and Freedman, 2008), or kill virally
infected target cells as observed with human infections
with cytomegalovirus, a betaherpesvirus (Halary et al.,
2005). The �� T cells in the vasculitis lesions of bison with
SA-MCF may also be serving an immunoregulatory function
since �� T cells have regulatory function in humans and cat-
tle (Meissner et al., 2003). Further characterization of the
CD8+ �� T cells within the vascular lesions will require eval-
uation of their function and cytokine expression profiles.

The CD4+/perforin− �� T cells presumably play a reg-
ulatory role in the pathogenesis of vasculitis in bison
with SA-MCF. Further studies will be needed to determine
whether these cells function as T regulatory cells or T helper
cells including Th1, Th2, or Th17 cells. However, a cytotoxic
role for these CD4+ cells cannot be completely excluded
since T regulatory cells in mice can induce cell death in
target lymphocytes via Fas–Fas ligand interactions (Marks,
2004).

CD3−/CD4+ cells were infrequently and inconsistently
identified within vascular lesions (see Table 3). CD4 is
expressed on some human and rat macrophage subsets
(Crocker et al., 1987), and this finding has also been
observed in cattle (personal communication, W.C. Davis).
Cells expressing DH59B, a monocyte/macrophage marker,
have been previously identified in the vascular lesions of
two cattle (Nakajima et al., 1994) and one bison (Simon
et al., 2003) with SA-MCF. Consequently, these CD3−CD4+

cells are likely macrophages.
Though B cells do not appear to play a direct role in

the pathogenesis of vasculitis, �� T cells mediate antibody-
dependent cytotoxicity in multiple sclerosis (Chen and
Freedman, 2008), and antibody may therefore play a role
in the pathogenesis of SA-MCF. Furthermore, there is no
current evidence of B cell infection in cattle or bison with
SA-MCF. However, it is possible that viral tropism for
specific lymphocytes may vary among ruminant species.

Further investigation is needed to determine the impor-
tance of B cells in sheep and clinically susceptible species.

In summary, CD8+ �� T cells and CD4+ �� T cells both
have potential for cytotoxicity and regulatory function,
and both may therefore contribute to the pathogenesis
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of vasculitis. Since there is evidence of OvHV-2 infection
of CD8+ lymphocytes and no current evidence of infec-
tion of cells that compose the vascular wall (Simon et al.,
2003), we propose that infection of lymphocytes causes
immune dysregulation and immune-mediated vasculitis in
bison with SA-MCF. Since bison are particularly suscepti-
ble to developing fatal disease, SA-MCF is considered one
of the most important threats to wild and domestic bison
herds. This disease also complicates management pro-
grams for endangered species in dense populations such as
animal parks, zoos, or preserves. Improving understanding
of immunopathological mechanisms of disease in SA-MCF
will assist in developing appropriate vaccine strategies to
prevent disease in susceptible animals.

Acknowledgements

This work was partially supported by the United States
Agricultural Service, Agricultural Research Service (CWU
5348-320000-024-00D). The authors thank Naomi Taus,
Christina Cunha, Sue Pritchard, Jan Keller, Shirley Elias, and
Lori Fuller for technical assistance and Rod Rogers for ani-
mal care.

References

Anderson, I.E., Buxton, D., Campbell, I., Russell, G., Davis, W.C., Hamilton,
M.J., Haig, D.M., 2007. Immunohistochemical study of experimental
malignant catarrhal fever in rabbits. J. Comp. Pathol. 136, 156–166.

Anderson, I.E., Deane, D., Swa, S., Thomson, J., Campbell, I., Buxton, D., Wei,
X.Q., Stewart, J., Russell, G., Haig, D.M., 2008. Production and utilization
of IL-15 in malignant catarrhal fever. J. Comp. Pathol. 138, 131–144.

Baldwin, C.L., Teale, A.J., Naessens, J.G., Goddeeris, B.M., MacHugh, N.D.,
Morrison, W.I., 1986. Characterization of a subset of bovine T lym-
phocytes that express BoT4 by monoclonal antibodies and function:
similarity to lymphocytes defined by human T4 and murine L3T4. J.
Immunol. 136, 4385–4391.

Berezowski, J.A., Appleyard, G.D., Crawford, T.B., Haigh, J., Li, H., Middleton,
D.M., O’Connor, B.P., West, K., Woodbury, M., 2005. An outbreak of
sheep-associated malignant catarrhal fever in bison (Bison bison) after
exposure to sheep at a public auction sale. J. Vet. Diagn. Invest. 17,
55–58.

Burrells, C., Reid, H.W., 1991. Phenotypic analysis of lymphoblastoid cell
lines derived from cattle and deer affected with “sheep-associated”
malignant catarrhal fever. Vet. Immunol. Immunopathol. 29, 151–161.

Buser, R., Montesano, R., Garcia, I., Dupraz, P., Pepper, M.S., 2006. Bovine
microvascular endothelial cells immortalized with human telom-
erase. J. Cell. Biochem. 98, 267–286.

Chen, Z., Freedman, M., 2008. CD16+ gammadelta T cells mediate antibody
dependent cellular cytotoxicity: potential mechanism in the patho-
genesis of multiple sclerosis. Clin. Immunol. 128, 219–227.

Clevers, H., 1990. Identification of a bovine surface antigen uniquely
expressed on CD4−CD8− T cell receptor gamma/delta+ T lympho-
cytes. Eur. J. Immunol. 20, 809–817.

Cook, C.G., Splitter, G.A., 1988. Lytic function of bovine lymphokine-
activated killer cells from a normal and a malignant catarrhal fever
virus-infected animal. Vet. Immunol. Immunopathol. 19, 105–118.

Crawford, T.B., O’Toole, D., Li, H., 1998. Malignant catarrhal fever. In: Smith,
R.A., Howard, J.L. (Eds.), Current Veterinary Therapy. IV: Food Animal
Practice. W.B. Saunders Company, Philadelphia, PA, pp. 306–309.

Crocker, P.J., Jefferies, W.A., Clark, S.J., Chung, L.P., Gordon, S., 1987. Species
heterogeneity in macrophage expression of the CD4 antigen. J. Exp.
Med. 166, 613–618.

Davis, W.C., 2001. The use of crossreactive monoclonal antibodies to char-
acterize the immune system of the water buffalo (Bubalus bubalis). J.

Vet. Sci. 2, 103–109.

Davis, W.C., Brown, W.C., Hamilton, M.J., Wyatt, C.R., Orden, J.A., Khalid,
A.M., Naessens, J., 1996. Analysis of monoclonal antibodies specific for
the gammadelta TcR. Vet. Immunol. Immunopathol. 52, 275–283.

Ellis, J.A., O’Toole, D.T., Haven, T.R., Davis, W.C., 1992. Predominance of
BoCD8-positive T lymphocytes in vascular lesions in a 1-year-old cow
mmunopathology 136 (2010) 284–291

with concurrent malignant catarrhal fever and bovine viral diarrhea
virus infection. Vet. Pathol. 29, 545–547.

Endsley, J.J., 2006. Bovine natural killer cells acquire cytotoxic/effector
activity following activation with IL-12/15 and reduce Mycobacterium
bovis BCG in infected macrophages. J. Leukoc. Biol. 79, 71–79.

Endsley, J.J., Furrer, J.L., Endsley, M.A., McIntosh, M.A., Maue, A.C.,
Waters, W.R., Lee, D.R., Estes, D.M., 2004. Characterization of
bovine homologues of granulysin and NK-lysin. J. Immunol. 173,
2607–2614.

Endsley, J.J., Hogg, A., Shell, L.J., McAulay, M., Coffey, T., Howard, C., Capinos
Scherer, C.F., Waters, W.R., Nonnecke, B., Estes, D.M., Villarreal-Ramos,
B., 2007. Mycobacterium bovis BCG vaccination induces memory CD4+
T cells characterized by effector biomarker expression and anti-
mycobacterial activity. Vaccine 25, 8384–8394.

Galeotti, M., Sarli, G., Eleni, C., Marcato, P.S., 1993. Identification of cell
types present in bovine haemolymph nodes and lymph nodes by
immunostaining. Vet. Immunol. Immunopathol. 36, 319–331.

Gunnes, G., Jorundsson, E., Tverdal, A., Landsverk, T., Press, C.M., 2004.
Accumulation of CD25+ CD4+ T-cells in the draining lymph node dur-
ing the elicitation phase of DNCB-induced contact hypersensitivity in
lambs. Res. Vet. Sci. 77, 115–122.

Gutierrez, M., Forster, F.I., McConnell, S.A., Cassidy, J.P., Pollock, J.M.,
Bryson, D.G., 1999. The detection of CD2+, CD4+, CD8+, and WC1+ T
lymphocytes, B cells and macrophages in fixed and paraffin embedded
bovine tissue using a range of antigen recovery and signal amplifica-
tion techniques. Vet. Immunol. Immunopathol. 71, 321–334.

Halary, F., Pitard, V., Dlubek, D., Kryzsiek, R., de la Salle, H., Merville,
P., Dromer, C., Emilie, D., Moreau, J.-F., Dechanet-Merville, J., 2005.
Shared reactivity of Vdelta2 negative gammadelta T cells against
cytomegalovirus-infected cells and tumor intestinal epithelial cells.
J. Exp. Med. 201, 1567–1578.

Hedges, J.F., Lubick, K.J., Jutila, M.A., 2005. Gamma delta T cells respond
directly to pathogen-associated molecular patterns. J. Immunol. 174,
6045–6053.

Horner, G.W., Tham, K.M., Orr, D., Ralston, J., Rowe, S., Houghton, T., 1995.
Comparison of an antigen capture enzyme-linked assay with reverse
transcription-polymerase chain reaction and cell culture immunoper-
oxidase tests for the diagnosis of ruminant pestivirus infections. Vet.
Microbiol. 43, 75–84.

Hussy, D., Stauber, N., Leutenegger, C.M., Rieder, S., Ackermann, M., 2001.
Quantitative fluorogenic PCR assay for measuring ovine herpesvirus
2 replication in sheep. Clin. Diagn. Lab. Immunol. 8, 123–128.

Jeklova, E., Leva, L., Faldyna, M., 2007. Lymphoid organ development
in rabbits: major lymphocyte subsets. Dev. Comp. Immunol. 31,
632–644.

Jutila, M.A., Holderness, J., Graff, J.C., Hedges, J.F., 2008. Antigen-
independent priming: a transitional response of bovine gamma delta
T cells to infection. Anim. Health Res. Rev. 9, 47–57.

Kramps, J.A., van Maanen, C., van de Wetering, G., Stienstra, G., Quak, S.,
Brinkhof, J., Ronsholt, L., Nylin, B., 1999. A simple, rapid and reliable
enzyme-linked immunosorbent assay for the detection of bovine virus
diarrhoea virus (BVDV) specific antibodies in cattle serum, plasma and
bulk milk. Vet. Microbiol. 64, 135–144.

Lagourette, P., Delverdier, M., Bourges-Abella, N., Amardeilh, M.F.,
Schelcher, F., Cabanie, P., Espinasse, J., 1997. Immunohistochemical
study of lymphoid cell reactions in four cattle affected with malignant
catarrhal fever. Eur. J. Vet. Pathol. 3, 73–78.

Li, H., 2006. A devastating outbreak of malignant catarrhal fever in a bison
feedlot. J. Vet. Diagn. Invest. 18, 119–123.

Li, H., McGuire, T.C., Muller-Doblies, U.U., Crawford, T.B., 2001. A simpler,
more sensitive competitive inhibition enzyme-linked immunosor-
bent assay for detection of antibody to malignant catarrhal fever
viruses. J. Vet. Diagn. Invest. 13, 361–364.

Li, H., Shen, D.T., O’Toole, D., Knowles, D.P., Gorham, J.R., Crawford,
T.B., 1995. Investigation of sheep-associated malignant catarrhal
fever virus infection in ruminants by PCR and competitive inhi-
bition enzyme-linked immunosorbent assay. J. Clin. Microbiol. 33,
2048–2053.

Li, H., Karney, G., O’Toole, D., Crawford, T.B., 2008. Long distance spread
of malignant catarrhal fever virus from feedlot lambs to ranch bison.
Can. Vet. J. 49, 183–185.

Liggitt, H.D., 1980. The pathomorphology of malignant catarrhal fever. I.
Generalized lymphoid vasculitis. Vet. Pathol. 17, 58–72.
MacHugh, N.D., 1991. Analysis of the reactivity of anti-bovine CD8 mono-
clonal antibodies with cloned T cell lines and mouse L-cells transfected
with bovine CD8. Vet. Immunol. Immunopathol. 27, 169–172.

MacHugh, N.D., Mburu, J.K., Carol, M.J., Wyatt, C.R., Orden, J.A., Davis, W.C.,
1997. Identification of two distinct subsets of bovine gammadelta
T cells with unique cell surface phenotype and tissue distribution.
Immunology 92, 340–345.



gy and I

M

M

M

N

O

P

P

R

S

S

Johne’s disease. Vet. Pathol. 43, 127–135.
Wilson, E., Hedges, J.F., Butcher, E., Briskin, M., Jutila, M.A., 2002. Bovine
D.D. Nelson et al. / Veterinary Immunolo

acHugh, N.D., Mburu, J.K., Hamilton, M.J., Davis, W.C., 1998. Char-
acterisation of a monoclonal antibody recognising the CD3[var
epsilon] chain of the bovine T cell receptor complex. Vet. Immunol.
Immunopathol. 61, 25–35.

arks, L., 2004. The cytotoxic potential of regulatory T cells: what has
been learned from gene knockout model systems? Transplantation
77, S19–S22.

eissner, N., Radke, J., Hedges, J.F., White, M., Behnke, M., Bertolino, S.,
Abrahamsen, M., Jutila, M.A., 2003. Serial analysis of gene expression
in circulating gammadelta T cell subsets defines distinct immunoreg-
ulatory phenotypes and unexpected gene expression profiles. J.
Immunol. 170, 356–364.

akajima, Y., Ishikawa, Y., Kadota, K., Kodama, M., Honma, Y., 1994. Sur-
face marker analysis of the vascular and epithelia lesions in cattle
with sheep-associated malignant catarrhal fever. J. Vet. Med. Sci. 56,
1065–1068.

’Toole, D., Taus, N.S., Montgomery, D.L., Oaks, J.L., Crawford, T.B., Li,
H., 2007. Intra-nasal inoculation of American Bison (Bison bison)
with ovine herpesvirus-2 (OvHV-2) reliably reproduces malignant
catarrhal fever. Vet. Pathol. 44, 655–662.

arsons, K.R., 1996. Identification of a molecule uniquely expressed on
a gamma/delta TCR+ subset within bovine intestinal intraepithelial
lymphocytes. Immunology 87, 64–70.

lowright, W., 1990. Malignant catarrhal fever virus. In: Dinter, Z., Morein,
B. (Eds.), Virus Infections of Ruminants. Elsevier Science Publishers,
BV, New York, NY, pp. 123–150.

eid, H.W., Buxton, D., Pow, I., Finlayson, J., 1989. Isolation and charac-
terisation of lymphoblastoid cells from cattle and deer affected with
‘sheep-associated’ malignant catarrhal fever. Res. Vet. Sci. 47, 90–96.
chock, A., Collins, R.A., Reid, H.W., 1998. Phenotype, growth regulation
and cytokine transcription in ovine herpesvirus-2 (OHV-2)-infected
bovine T-cell lines. Vet. Immunol. Immunopathol. 66, 67–81.

chultheiss, P.C., Collins, J.K., Austgen, L.E., DeMartini, J.C., 1998. Malignant
catarrhal fever in bison, acute and chronic cases. J. Vet. Diagn. Invest.
10, 255–262.
mmunopathology 136 (2010) 284–291 291

Schultheiss, P.C., Collins, J.K., Spraker, T.R., DeMartini, J.C., 2000. Epizootic
malignant catarrhal fever in three bison herds: differences from cat-
tle and association with ovine herpesvirus-2. J. Vet. Diagn. Invest. 12,
497–502.

Simon, S., Li, H., O’Toole, D., Crawford, T.B., Oaks, J.L., 2003. The vascular
lesions of a cow and bison with sheep-associated malignant catarrhal
fever contain ovine herpesvirus 2-infected CD8(+) T lymphocytes. J.
Gen. Virol. 84, 2009–2013.

Sopp, P., Kwong, L.S., Howard, C.J., 1996. Identification of bovine CD14.
Vet. Immunol. Immunopathol. 52, 323–328.

Storset, A.K., 2004. NKp46 defines a subset of bovine leukocytes with
natural killer cell characteristics. Eur. J. Immunol. 34, 669–676.

Taus, N.S., Traul, D.L., Oaks, J.L., Crawford, T.B., Lewis, G.S., Li, H.,
2005. Experimental infection of sheep with ovine herpesvirus 2 via
aerosolization of nasal secretions. J. Gen. Virol. 86, 575–579.

Trueblood, E.S., Brown, W.C., Palmer, G.H., Davis, W.C., Stone, D.M., McEl-
wain, T.F., 1998. B-lymphocyte proliferation during bovine leukemia
virus induced persistent lymphocytosis is enhanced by T-lymphocyte-
derived interleukin-2. J. Virol. 72, 3169–3177.

Wangoo, A., Johnson, L., Gough, J., Ackbar, R., Inglut, S., Hicks, D., Spencer,
Y., Hewinson, G., Vordermeier, M., 2005. Advanced granulomatous
lesions in Mycobacterium bovis-infected cattle are associated with
increased expression of type I procollagen, gammadelta (WC1+) T cells
and CD 68+ cells. J. Comp. Pathol. 133, 223–234.

Warren, A.L., Summers, B.A., 2007. Epithelioid variant of hemangioma and
hemangiosarcoma in the dog, horse, and cow. Vet. Pathol. 44, 15–24.

Weiss, D.J., 2006. Mucosal immune response in cattle with subclinical
gammadelta T cell subsets express distinct patterns of chemokine
responsiveness and adhesion molecules: a mechanism for tissue-
specific gammadelta T cell subset accumulation. J. Immunol. 169,
4970–4975.


	CD8+/perforin+/WC1- gammadelta T cells, not CD8+ alphabeta T cells, infiltrate vasculitis lesions of American bison (Bison bison) with experimental sheep-associated malignant catarrhal fever
	Introduction
	Materials and methods
	Research animals and samples
	Demonstration that bovine cell markers cross-react with bison tissues
	Immunophenotyping lymphocytes in vascular lesions

	Results
	Pathology
	Immunophenotyping lymphocytes in vascular lesions

	Discussion
	Acknowledgements
	References


